Cystic fibrosis (CF) is one of the most common heritable genetic diseases in Caucasian populations, affecting over 70 000 individuals worldwide (Cystic Fibrosis Foundation, 2011) . Most mortality in CF is due to microbial infections of the lungs, which lead to eventual respiratory failure (Cystic Fibrosis Foundation, 2008) . Pseudomonas aeruginosa, Staphylococcus aureus and Burkholderia cepacia are common pathogens cultured from adult CF patients, but recent studies have demonstrated that microbial communities in the CF airways are highly diverse (Armougom et al., 2009; Rogers et al., 2009; Cox et al., 2010; Guss et al., 2011) . Culture-based analysis of bronchoalveolar lavage (BAL) and autopsy samples indicates that microbial populations vary significantly in different spatial regions of the CF lung (Smith et al., 1998; Gutierrez et al., 2001; Gilchrist et al., 2011 ). Erb-Downward et al. (2011 recently demonstrated spatial heterogeneity in microbial communities from the ex-planted lung tissue of COPD patients using culture-independent methods, but no similar study has been conducted in CF patients. Here, we present the first culture-independent characterization of microbial communities isolated directly from CF lung tissue.
To characterize microbial communities, we obtained lung tissue sections from the ex-planted lungs of a transplant patient, as well as tissue sections and a tracheal mucus plug from a deceased CF patient following autopsy. Patient clinical data are presented in the Supplementary Materials and methods. Microbial communities were profiled by high-throughput barcoded amplicon sequencing of the 16S rDNA gene and were analyzed using the QIIME pipeline (Supplementary Materials and methods) (Caporaso et al., 2010) .
Microbial community richness was greater in the ex-plant lungs than in the postmortem lungs. At 97% similarity, there were 498 operational taxonomic units (OTUs) corresponding to 20 phyla in the ex-plant lungs, as compared with 106 OTUs comprising nine phyla in the postmortem lungs (Figure 1 ; Supplementary Tables 1 and 2 ). Rarefaction curves and Chao1 estimates indicated that expected OTU richness by lobe was an order of magnitude higher in the ex-plant lungs (Supplementary Figure 1 ; Supplementary Table 1 ). Both sets of lungs exhibited pathology characteristic of latestage CF respiratory disease, but the ex-plant lungs maintained some areas of normal tissue, while the postmortem lungs showed near-complete destruction of the peripheral airways in all areas (Supplementary Materials and methods). This may be correlated with reduced richness as previous studies of microbial diversity in CF and COPD have demonstrated a negative relationship between microbial diversity and disease severity (Erb-Downward et al., 2011; van der Gast et al., 2011) .
Microbial communities in both sets of lungs were dominated by a small number of highly abundant taxa. One OTU classified as Comomonadaceae at Table 2) . Comomonadaceae have previously been identified in CF respiratory samples, but are not commonly recognized as CF pathogens (Coenye et al., 2002; Guss et al., 2011) . OTUs corresponding to Flavobacteriaceae sp. (14-23%), Diaphorobacter sp. (3-5%) and Novosphingobium sp. (2-4%) were also ubiquitous. In the postmortem lungs, Pseudomonas aeruginosa (BLASTn, 100% identity, e-valueo1 Â 10 -180 ) was the most abundant taxon, comprising between 51-94% of sequences in each lobe, and 99% of the tracheal sample. Other OTUs were ubiquitous but found in lower (o3%) abundances, including phylotypes classified as Lactobacillus delbruckii, Enterococcus sp., Cloacibacterium sp. and Diaphorobacter sp.
Microbial communities in the ex-plant lungs were more similar to each other than those in the postmortem lungs when communities were compared using the weighted Unifrac distance metric (Figure 2; Supplementary Table 3 ). Distances were greater on average between lobes of the postmortem lungs than between lobes of the ex-plant lungs, reflecting more divergent communities (Supplementary Table 3 ). Less than 1% of OTUs were shared by all lobes in the postmortem lungs, while B60% of OTUs were identified in only one lobe (Supplementary Table 2 ). Several unique OTUs corresponded to potential CF pathogens, such as Xanthomonas (left upper lobe only) and Chyrseobacterium (Harrison, 2007; LiPuma, 2010) . In the ex-plant lungs, B3% of OTUs were shared by all lobes, but most OTUs which were not universally shared occurred in low abundance (o1%). These may represent transient CF microbial populations as opposed to core CF microbiota as described in van der Gast et al. (2011) .
Average linkage (UMPGA) clustering based on Unifrac distances produced two main clusters corresponding to the ex-plant and postmortem lungs and several smaller clusters within each set of lungs (Figure 2 ). In the ex-plant lungs, microbial communities formed two significantly different clusters (Bonferroni's-corrected P-valueo0.05), as determined by XIPE, which compares community distributions using non-parametric statistics (Rodriguez-Brito et al., 2006) . One cluster contained the RUL and Lingula and the other contained all other lobes. This clustering was largely due to abundance differences in dominant OTUs, including Flavobacteriaceae spp. In the postmortem lungs, communities formed two clusters with the LLL as an outgroup (Figure 2 ). The divergence of the LLL was driven by a high abundance of chloroplast sequences, which may represent plant DNA introduced by aspiration (Bousbia et al., 2010) . Aspiration may have occurred while the patient was intubated 3 weeks before death, as Bousbia et al. (2010) demonstrated the persistence of plant DNA in the lungs for several weeks in patients undergoing mechanical ventilation. Clustering of tracheal, RML and RLL communities may indicate gravity-dependent deposition of aspirated tracheal mucus, as tracheal contents would be expected to settle in the RLL and/or RML (Bittar, 2002) . Despite the observed clustering, the tracheal community was significantly Figure 2 Spatial clustering of microbial communities in the CF lungs. Communities were compared using the weighted Unifrac distance metric, and clustered using average linkage. Node labels indicate jackknife support values, and the bar below the tree represents a weighted Unifrac distance of 0.01. Shaded boxes indicate communities that were not significantly different from each other, but were significantly different from all other communities as determined by XIPE.
Microbes in the CF lung D Willner et al different from the RML and RLL, containing seven OTUs not found in the lungs, including Prevotella spp., a common constituent of oral microbiota.
Our results indicate that microbial communities in the cystic fibrosis lung are spatially heterogeneous. The use of autopsy samples is a caveat to this study, as microbial community composition may be affected by aspiration at death. Despite this limitation, direct sampling of lung tissue provides a more specific characterization of microbiota than other sampling methods, which may misrepresent the true nature of CF lung disease due to a lack of spatial resolution. Spatial heterogeneities may extend further than can be resolved by 16S sequencing, including regional differences in microbial biomass, antibiotic resistance and strain level differences in highly abundant and ubiquitous populations. Treatment strategies for cystic fibrosis, which rely on antibiotics targeted at microbes of specific species with known antibiotic resistance may only be effective against pathogenic microbes in particular regions or microenvironments of the lung.
